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The adenovirus penton base is a strategic protein involved in the virus internalisation pathway through interaction between its RGD sequences
and integrin. In some human adenovirus serotypes, this pentameric protein features the ability of interacting together by twelve, leading to the
formation of a symmetric nanoparticle called dodecahedron (Dd). This non-infectious adenovirus-like particle exhibiting sixty RGD sequences
interacts with integrin but also with heparan sulfate proteoglycans (HSPGs) expressed at the cell surface.
In this study, we discriminate the respective importance of HSPGs and integrin on human adenovirus serotype 3 dodecahedron attachment and
entry. Using different cell lines and a specific integrin inhibitor, we have determined that HSPGs are mainly responsible for particle attachment to
the cell surface, favouring a strictly required interaction with integrin that triggers internalisation. No other receptors are involved in Dd entry and
integrins on their own can mediate the particle entry in HSPGs-deficient cells. Moreover, integrin recognition by Dd is highly susceptible to
cations and particularly to manganese that enhances particle binding by 4- to 7-fold compared to calcium.
Interestingly, investigations on Dd receptors along the cell cycle revealed an enhanced particle targeting to mitotic cells and a loss of
internalisation at this stage. This phenomenon observed with both HeLa- and HSPGs-deficient cells, depends on integrin remodelling during
mitosis. This provides new clues for the use of this adenovirus nanoparticle as a delivery vector and sheds light on the integrin and HSPGs
relationship in both resting and dividing cells.
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Heparan sulfate proteoglycans (HSPGs) are glycoproteins
ubiquitously expressed at the surface of mammalian cells and in
extracellular matrices. HSPGs properties are mostly mediated by
the O-linked heparan sulfate (HS) polysaccharide chains present
on the protein core that bind and regulate a wide range of pro-
teins, through motifs of specific saccharide sequence (Lindahl
et al., 1998). Pathogens binding to HS are generally believed to
promote infectivity by increasing the local concentration of
pathogens at the cell surface and thus favouring access to
specific entry receptors. Hence, HS can play the role of a viral⁎ Corresponding author. Fax: +33 4 38 78 54 95.
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doi:10.1016/j.virol.2007.09.026attachment receptor, as described for adenovirus types 2 and 5
(Dechecchi et al., 2000, 2001), adeno-associated parvovirus-2
(AAV-2) (Summerford and Samulski, 1998), several members of
the herpes virus family (Shukla and Spear, 2001), Flavivirus
including hepatitis C (Germi et al., 2002), Dengue virus (Chen
et al., 1997) and Sindbis virus (Byrnes and Griffin, 1998).
Besides attachment functions, HSPGs can also be used for virus
storage and are involved in in trans infection. This has been
shown for HIV whose interaction with non-permissive epithelial
cells protects the virion awaiting a secondary interaction with
permissive cells (reviewed in Vives et al., 2006).
Integrins are heterodimeric type I transmembrane receptors
composed of an α and β subunit with over 20 members belong-
ing to their family. Many of them recognise an arginine, glycine,
aspartic acid (RGD) sequence in host extracellular matrix
Fig. 1. RGD localisation on Ad3 virus particles and base dodecahedron.
(a) Schematic representation of an icosahedra (left) and a dodecahedron (right)
viewed down their 3-fold axis. For the icosahedra, one facet shows the spatial
organisation that hexons (different gray level) and penton base (white) adopt in
the adenovirus capsid. (b) Three-dimensional reconstructions of an adenovirus
structure and of the Bs-Dd structure calculated from electron microscopy images
and filtered to 25 Å resolution (the maps are accessible on the Macromolecular
Structure Database under the accession number EMD 1113 (adenovirus) and
EMD 1178 (Bs-Dd)). RGD loops are highlighted in blue. (c) Electron
micrographs of a mixture of human adenovirus serotype 3 and Bs-Dd particles.
The scale bar represents 100 nm.
156 P. Fender et al. / Virology 371 (2008) 155–164proteins such as vitronectin, fibronectin and tenascin. The crystal
structure of the extracellular segment of integrin αvβ3 with an
RGD ligand has been solved and has confirmed the role of
divalent cations, such as Ca2+ or Mn2+, in the integrin function
(Mould, 1996; Xiong et al., 2002). These heterodimeric recep-
tors are involved in many versatile cellular processes including
cell adhesion, differentiation, motility or pathogen invasion
eliciting a major interest in their study (Hynes, 1992). Many
viruses utilise integrins in their entry strategy such as echovirus,
foot and mouth disease virus (FMDV), cocksackie virus or
adeno-associated virus (AAV) (Summerford et al., 1999; White,
1993).
Adenovirus internalisation is a two step mechanism involv-
ing a high affinity attachment receptor recognised by the apical
domain of an elongated capsid protein called the fibre and a
secondary interaction with an entry receptor mediated by the
penton base protein. A 46-kDa protein called CAR and HSPGs
have been identified as the major attachment receptors for a
majority of human adenovirus serotype (Bergelson et al., 1997;
Dechecchi et al., 2000) with the notable exception of subgroup B
adenoviruses such as human adenovirus of serotype3 (Ad3).
Interaction of adenoviruses to attachment receptors facilitates a
secondary interaction with integrin that triggers internalisation.
The latter is mediated through a specific interaction of the
conserved RGD sequences exposed at the surface of the penton
base that are located at the twelve virion vertices (Belin and
Boulanger, 1993; Wickham et al., 1993; Mathias et al., 1998;
Nemerow and Stewart, 1999). Interestingly, Ad3 penton base is
over-expressed along the viral cell cycle (Fender et al., 2005),
and these extra Ad3 penton base proteins feature a self-assembly
capacity, leading to the formation of dodecahedric particle with
fibres protruding outside called the penton-dodecahedron: “Pt-
Dd”. Dodecamerisation is not dependent on fibres as attested by
the formation in the baculovirus system of a dodecahedron made
only of the base proteins called base-dodecahedron “Bs-Dd”
(Schoehn et al., 1996; Fender et al., 1997; Fuschiotti et al.,
2006b). Similarly to the entire 90-nm icosahedric adenovirus
capsid, these 29-nm- and 49-nm-diameter particles (without and
with fibres, respectively) also expose sixty RGD sequences, but
in different spatial arrangements (Schoehn et al., 1996; Stewart
et al., 1997).
As observed with Pt-Dd, the fibreless Bs-Dd has also been
reported to efficiently enter a wide variety of cell types such as
epithelial and endothelial cells, fibroblasts, or human primary
astrocytes (Fender et al., 1997; Garcel et al., 2006). Its great
internalisation efficacy may rely upon the high-affinity interac-
tion of Bs-Dd to HSPGs (Vives et al., 2004). Nevertheless, the
exact role of HSPGs and integrin in Bs-Dd attachment and entry
remains to be investigated. We have recently demonstrated that
dodecahedra could constitute a good tool for gene, chemical
compound, or protein delivery (Fender et al., 1997; Garcel et al.,
2006; Fuschiotti et al., 2006a). To go further with the potential
applications of this particle, the clarification of the fine mech-
anisms involved in cell attachment and entry is then required.
In the following study, the respective role of HSPGs and
integrin on Bs-Dd binding and internalisation has been studied.
To discriminate between these two receptor functions, differenttools have been used such as cells expressing integrin but not
HSPGs (CHO-2241) or the S 36578 chemical compound which
specifically inhibits ligand biding to αvβ3 and αvβ5 integrins at
low nanomolar concentrations without affecting other integrins
such as the platelet αIIbβ3 integrin (Perron-Sierra et al., 2002).
The mechanism of Bs-Dd attachment and entry has been
determined on cells in interphase and on mitotic cells revealing
an interesting feature of integrin during the cell cycle.
Results
The RGD loops are tightened together in the dodecahedron
and possess a typical HSPG-binding site
Bs-Dd strongly interacts with HSPGs although it has been
reported that the Ad3 virion does not bind to proteoglycans. It is
157P. Fender et al. / Virology 371 (2008) 155–164interesting to notice that Ad3 and Bs-Dd both contain twelve
penton bases in their structure but with a different structural
arrangement (Fig. 1). Indeed, whereas the pentamer organisation
is similar on these two particles (4.5 nm distance between
intrapentameric RGD loops), the distance between the penton
bases dramatically changes. This results on the clustering of
RGD loops (depicted in blue on Fig. 1b) on the Bs-Dd that are
tightened together with only 7.5 nm between RGD loops from
adjacent pentamers whereas they are separated by four hexon
capsomers lyingoneach edgeof the virion capsid (Figs. 1b and c).
It is worth noting that a short basic sequence 336KQKR339
known as a typical heparan sulfate binding site is located within
the RGD loop of the Ad3 penton base (Fig. 1b). Knowing that
the HSPGs binding site has already been described close to the
integrin recognition motif in other viruses such as AAV-2 or
FMDV (Fry et al., 1999; Kern et al., 2003), either a sequential or
a cooperative use of these two dodecahedron receptors might be
envisaged. The respective role of HSPGs and integrin has thus
been studied in both cell attachment and entry.
Integrins are the sole entry receptor
Our first goal was to determine whether HSPGs are involved
in endocytosis or if integrins work on their own. To investigate
this point, an integrin-blocking drug (S 36578) described to
block selectively αvβ3 and αvβ5 was used (Perron-Sierra et al.,
2002). While HeLa cells (i.e., expressing both HSPGs and
integrin) efficiently internalised Bs-Dd (Fig. 2a, inset), pre-
incubation with the S 36578 drug resulted in a total abolishment
of Dd entry (Fig. 2a). With respect to attachment, the bright
green signal surrounding S 36578-treated HeLa cells indicated
that even if integrins are blocked, Bs-Dd attachment to HSPGs
is not significantly affected by the drug.
To determine whether HSPGs are required in integrin-
mediated endocytosis, a similar experiment was performed
using HSPGs-deficient CHO-2241 cells. Internalisation of theFig. 2. Integrins inhibition blocks Bs-Dd entry into HeLa and CHO-2241 cells. (a) He
Bs-Dd. Particle detection is performed on permeabilised cells using appropriate F
performed with CHO-2241. Bs-Dd internalisation is observed in non-treated cells w
attachment and internalisation (no green fluorescence, see inset). Nuclei are counteradenoviral pseudo-particle was observed in CHO-2241 cells
(Fig. 2b), showing that integrins are sufficient to mediate
endocytosis. Moreover, neither attachment nor entry could be
observed in CHO-2241 cells pre-incubated with the S 36578
drug prior to Bs-Dd addition (Fig. 2b, inset), reinforcing the
critical role of integrins in Bs-Dd internalisation, as previously
observed with HeLa cells. Nuclei are counterstained in red by
propidium iodide.
Respective role of HSPGs and integrin in Bs-Dd attachment:
importance of cations
Bs-Dd internalisation into CHO-2241 cells (i.e., deficient for
HSPGs expression) suggests that integrins are sufficient for Bs-
Dd entry, but at this stage, we cannot exclude that another
receptor than integrin is used in the absence of HSPGs. To
address this question, CHO-2241 cells have been incubated at
non-permissive temperature (4 °C), with Bs-Dd in PBS con-
taining either Ca2+, the integrin-activating cation Mn2+ or the
integrin-blocking drug S 36578. The FACS curve obtained in
presence of calcium confirms that Bs-Dd binds to the surface of
these HSPGs deficient cells (Fig. 3a). Interestingly, when cells
were pre-incubated with the S 36578 drug (blue line), no binding
can be observed as the curve shift to the antibody background
level (dashed line), thus indicating that no other Bs-Dd receptors
than integrins are expressed in this cell line. Moreover, confirm-
ing the role of integrins in Bs-Dd attachment, addition of Mn2+
that is known to trigger their activation, directs a 4-fold increase
in Bs-Dd binding (green curve, 104 arbitrary units instead of 24).
Altogether, these data show that in the absence of HSPGs,
integrins can be used for particle attachment and that no other
Bs-Dd' receptors are required (at least on the cell line used).
A comparable experiment performed with HeLa cells shows
similar integrin behaviour with a major difference coming from
the presence of HSPGs at the surface of this cell line (Fig. 3b).
The expression of the latter receptor explains the higher bindingLa cells pre-treated with S 36578 for 30 min are incubated for 1 h at 37 °C with
ITC antibodies. Inset: Control in the absence of drug. (b) Similar experiment
hile pre-incubation with S 36578 prior to Bs-Dd incubation abolishes particles
stained in red by propidium iodide.
Fig. 3. Relative importance of HSPGs and integrin in Bs-Dd attachment to HeLa and CHO-2241 cells. (a) CHO-2241 cells are incubated at 4 °C with Bs-Dd in the
presence of 1 mM CaCl2 (red curve), 1 mM MnCl2 (green curve) or 3 nM S 36578 (blue curve). The dashed brown curve represents antibody background in the
absence of Bs-Dd. The relative average binding is calculated from FACS statistics and indicated in arbitrary unit (a.u.). (b) Similar experiment with HeLa cells (same
colour code). (c) Relative contribution of HSPG (blue), integrins in the presence of calcium (red) and integrins in the presence of manganese (green, slightly separated
from the binding of reference in presence of Ca2+) on Bs-Dd binding to both HeLa and CHO-2241 cells.
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with CHO-2241. This demonstrates that most of the particles
are captured on the HeLa cell surface by HSPGs, which is
therefore the main attachment receptor for Bs-Dd. The HSPGs
contribution can be estimated using the data obtained for cells
pre-incubated with the integrin-blocking drug (blue curve).
Indeed, this signal reflects the particle attachment mediated by
HSPGs while the little shift toward the higher binding intensity
in non-treated cell gives information on the integrin contribu-
tion in presence of calcium. Considering the Bs-Dd binding in
presence of calcium as the reference (645 units), it is possible to
assess from the FACS statistics that, on average, HSPGs are
responsible for 571 units (89%) of the particle binding whereas
direct integrin recognition accounts for the extra 74 units (11%).
Interestingly, when cells were incubated with Mn2+, the Bs-
Dd attachment to HeLa cell is greatly enhanced (Fig. 3b, green
curve). This presumably reflects the cation effect on integrin
previously observed with CHO-2241 cells. The total particle
binding under this condition is 1085 units compared to 645 in the
presence of calcium. Based on BIAcore experiments (Bs-Dd
injection at 100 μg/μl for 5 min at 5 μl/min on a heparin-coated
censorship yielded 1064 RU and 1006 RU in absence or pres-
ence of Mn2+, respectively), it can be assumed that Bs-Dd
binding to HSPG is not affected by the presence of Mn2+. It can
therefore be deduced that integrins contribution to Bs-Dd
attachment shifts from 74 to 514 units in the presence of Mn2+
(Fig. 3c). This 7-fold integrin activation by Mn2+ makes this
receptor almost as important as HSPGs under this condition (514
and 571 units, respectively; see Fig. 3c).Data collected from CHO-2241 and HeLa have been sum-
marized (Fig. 3c). Blue bar represents the relative HSPGs con-
tribution in Bs-Dd binding explaining the higher signal obtained
with HeLa cells. Red and green bars show the contribution of
integrin under two different conditions (Ca2+ and Mn2+ incu-
bation, respectively).
Strong binding of Bs-Dd to mitotic cells
Visual inspection of cells incubated with Bs-Dd at 37 °C
shows that internalisation does not occur similarly in all cells. As
expected from our previous work, particle internalisation is
clearly seen in HeLa cells at 37 °C, as reflected by the punctuated
signal covering all the cell (Fig. 4a), but surprisingly, other
cells exhibit a strong green signal specifically at their surface
(indicated by arrowheads). Thus, internalisation does not occur
on the latter cells while attachment is still efficient. The differ-
ences between these two features can be explained by looking at
the DNA repartition in the cell. Indeed, propidium iodide
staining of cells surrounded by Bs-Dd shows DNA condensation
indicating that they are engaged in the division process. Differ-
ent stages of mitosis can be seen in Fig. 4a: (i) chromosomes
condensation (prophase); (ii) chromosomes alignment onto the
mitotic spindle (metaphase); (iii) chromosomes segregation at
the opposite poles of the dividing cell (anaphase). Cells deco-
rated with Bs-Dd at these different stages of the cell cycle are
clearly seen in the same picture (Fig. 4a, lower picture) and
contrast strongly with cells in interphase for both DNA staining
and Bs-Dd localisation.
Fig. 4. Bs-Dd targeting to mitotic HeLa and CHO-2241 cells. (a) Non-
synchronised HeLa are incubated for 1 h at 37 °C with Bs-Dd in PBS containing
1 mM CaCl2. Bs-Dd is detected by the appropriate antibodies (left panels) and
DNA is stained in red with propidium iodide (median panels). Overlays of Bs-
Dd (green) and DNA staining (red) are shown on the right panels with
arrowheads pointing to mitotic cells. (b) Overlaid picture of a similar experiment
performed with CHO-2241 cell on the left with detailed views of cells in
metaphase, anaphase and telophase on the right.
Fig. 5. Integrin involvement in mitotic cell recognition. (a) Nocodazole-blocked
CHO-2241 cells are assessed for Bs-Dd binding at 4 °C in the presence (purple
curve) or in the absence (blue curve) of the S 36578 drug. Inset: Mitotic status of
the cells checked by DNA content determination (red curve: nocodazole-
synchronised cells; filled green curve: non-synchronised control cells). (b) Bs-
Dd binding to non-treated HeLa cells is shown in orange (100% binding). Bs-Dd
binding to chlorate-treated HeLa cell is represented for both non-synchronised
(red curve) or nocodazole-synchronised cells (green curve): Inset: The relative
binding percentage of Bs-Dd under these conditions is depicted with the same
colour code.
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vestigated in HSPG-deficient cells in order to determine whether
integrins are involved in this process. A similar experiment
performed with CHO-2241 cells also shows a very effective
mitotic cell targeting by the adenoviral pseudo-particle (Fig. 4b).
This suggests that the enhanced targeting of Bs-Dd to dividing
cells does not rely upon HSPGs.Role of integrins in Bs-Dd mitotic cell targeting
To further study the role of integrins in mitotic targeting by
the adenovirus pseudo-particle, two complementary experi-
ments were performed. One has been done on CHO-2241 cell
blocked in mitosis by nocodazole and incubated or not with the
S 36578 drug. The second one was performed on HeLa cell
treated by sodium chlorate in order to prevent HSPGs sulfation
(Cardin and Weintraub, 1989) and subsequently synchronised
in mitosis by nocodazole treatment.
For both experiments, cell cycle synchronisation by nocoda-
zole was checked by FACS, using DNA content quantification
Fig. 6. Integrins are overexpressed at the mitotic cell surface rather than
activated. (a) Nocodazole-synchronised HeLa cells were incubated at 4 °C with
Bs-Dd in PBS supplemented with either Ca2+ (red curve) or Mn2+ (green curve).
The shift towards a higher intensity suggests that integrin activation by Mn2+
still occurs on cells in mitosis. (b) The expression of αvβ3 integrins was assessed
at the surface of non-synchronised HeLa cells with the LM609 antibody,
showing different intensities in staining between cells in interphase and mitotic
cells revealed by Hoechst DNA labelling (depicted by arrow).
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harboured a 4n DNA content (red curve) as compared to the
typical profile of non-synchronised cells (green curve) with a
majority of cells in interphase (2n DNA content) and few cell in
S-phase or mitosis (4n DNA content). A similar control was used
for HeLa cells (data not shown).
For the CHO-2241 experiment, synchronised cells were
pre-incubated or not with the S 36578 integrin blocking drug,
prior to addition of Bs-Dd for 1 h at 4 °C. If particle binding
could be clearly detected on these mitotic cells in the absence
of the drug (Fig. 5a, blue curve), pre-incubation with S 36578
nearly totally abolished Bs-Dd attachment as reflected by
the purple curve shift toward the background level. A parallel
experiment using immunofluorescence confocal microscopy
confirmed that nocodazole-synchronised CHO-2241 cells all
harboured a strong Bs-Dd binding while pre-treatment with
S 36578 prevented attachment of this particle, thus confirming
the receptor role of integrins on CHO-2241 mitotic cells (data
not shown).
With HeLa cells, investigation on the importance of integrins
in mitotic cell recognition is hindered by the strong binding of
Bs-Dd to HSPGs. To overcome this, HeLa cells were treated
with sodium chlorate in order to prevent HSPGs sulfation. As
expected, this treatment greatly reduced Bs-Dd binding (Fig. 5b,
red curve). The 13% remaining signal (Fig. 5b, inset), in keeping
with the previous experiment (Fig. 3, 11% of integrins recog-
nition by Bs-Dd) strongly suggested that this binding mainly
reflects direct integrins recognition by Bs-Dd. Interestingly,
when sodium chlorate treated cells were blocked in mitosis by
nocodazole, the FACS curve shifted toward higher intensity
(Fig. 5b, green curve). This 4-fold increase in signal indicated
that mitotic cells were more susceptible to Bs-Dd binding.
Hence, mitotic cell over-targeting by Bs-Dd is mediated by
integrins. This observation is of interest for both the mechanistic
understanding of Bs-Dd attachment and entry and also for the
development of adenoviral-derived vectors.
Duringmitosis, integrins are overexpressed rather than activated
The increased Bs-Dd binding to mitotic cells could be due
either to integrin overexpression or to their activation during
cell cycle. To provide clues on the mechanism taking place,
two complementary experiments have been performed. First,
nocodazole-blocked HeLa cells were incubated with Bs-Dd in
the presence of either Ca2+ or Mn2+. Although this experiment is
not quantitative, FACS analysis (Fig. 6a) indicates that manga-
nese activation of integrin still occurred on mitotic cells thus
invalidating the hypothesis of a spontaneous activation of
integrin during the cell cycle.
Reinforcing the idea of integrin overexpression at the mitotic
cell surface, the second experiment using the LM609 antibody
showed that αvβ3 integrin was clearly detected at the surface of
non-synchronised HeLa mitotic cells, while its detection was
weak on cells in interphase (Fig. 6b).
Altogether, the data suggest that integrins play amajor role on
Bs-Dd binding to mitotic cells whether in “spontaneous”mitosis
or in a nocodazole-synchronised cell population. This is linkedto integrin overexpression at the surface of cells engaged in the
mitotic process.
Discussion
Deciphering virus entry mechanisms is critical for both fun-
damental research and biotechnological applications in vector-
ology. In the present study, the respective role of two receptors
has been investigated for both the attachment and entry of an
adenovirus-derived nanoparticle. Interestingly, this particle is
made of only one protein of the human adenovirus of serotype 3,
the pentameric penton base, which is able to self-assemble by
twelve leading to the formation of a highly symmetric structure
called the base-dodecahedron (Bs-Dd) (Fender et al., 1997;
Fuschiotti et al., 2006b; Schoehn et al., 1996). The penton base
161P. Fender et al. / Virology 371 (2008) 155–164protein is normally located at the twelve vertices of the Ad3
icosahedral virion structure and is known to trigger virus entry
through interaction with integrins (Belin and Boulanger, 1993;
Mathias et al., 1998; Wickham et al., 1993). Contrary to the Ad3
virion that does not interact with HSPGs (Dechecchi et al.,
2000), Bs-Dd binds with high affinity to this sulfated poly-
saccharidic receptor (Vives et al., 2004). It can be hypothesized
that the architecture of Bs-Dd creates HS binding sites that do
not exist in Ad3 virions (Fig. 1). In accordance with this hypoth-
esis, structural information on others HSPGs-interacting viruses
such as AAV-2 or FMDV has also shown that the HS binding
sites are made of a spatial arrangement of basic residues coming
from different monomers (Fry et al., 1999; Kern et al., 2003).
Moreover, a putative HS binding site, 337KQKR340, is located on
the RGD loop, suggesting a close relationship between HSPGs
and integrin receptors. This has been recently reported for AAV-
2 in which the NGR integrin recognition sequence is located at
the vicinity of the HSPG recognition sequence on the VP3 trimer
(Asokan et al., 2006). In the latter case, similarly to our obser-
vation (Fig. 3), HSPGs mediate primary attachment to the
cell surface until efficient engagement of integrins is achieved.
Nevertheless, the proximity of the putative HSPGs binding site
to the RGD sequence in Bs-Dd might suggest a more intricate
role in the binding and entry strategy of this particle. This is
particularly interesting knowing that some integrins, such as
α5β1, can act as facultative proteoglycans with extensive
heparan sulfate glycosylation (Veiga et al., 1997).
HSPGs as well as integrins have been reported to act as
primary attachment receptors for several viruses. FMDV and
AAV can even use both these receptors to promote infection
(Berinstein et al., 1995; Jackson et al., 1996; Summerford et al.,
1999; Summerford and Samulski, 1998). In the adenovirus case,
the most studied, Ad2 and Ad5 but not Ad3, are known to
interact with HSPGs through the fibre (Dechecchi et al., 2001,
2000) thus facilitating a subsequent interaction of the penton
base protein with integrins that triggers endocytosis (Belin and
Boulanger, 1993; Wickham et al., 1993). Concerning Ad3 Bs-
Dd, the penton base protein supports recognition of these two
receptors. In our study, their respective role has been determined.
One important finding is that, despite the secondary role played
by integrin in particle attachment to HSPGs expressing cells
(Fig. 3), the function of this receptor cannot be overcome for
entry, as shown through the use of the anti-αv integrin S 36578
drug which completely prevents internalisation without affect-
ing binding to HSPGs (Fig. 2). Additionally, experiments per-
formed with CHO-2241 cells lacking HSPGs show that the
internalisation process triggered by integrin in the presence of
calcium does not strictly require the presence of HSPGs at the
surface of the cell (Fig. 2). Moreover, in these HSPGs-deficient
cells, no other receptors besides integrins are involved in Bs-Dd
attachment, as S 36578 treatment leads to the total abolishment
of Bs-Dd binding (Fig. 3).
Taken altogether, the results obtained with HeLa cells in
interphase (Figs. 2 and 3) suggest that integrins are a strictly
required entry receptor, playing an accessory role in Bs-Dd
attachment (11%) that is predominantly mediated by HSPGs
(89%). This explains the weak Bs-Dd docking seen with CHO-2241 cells compared to HeLa cells (Fig. 3). However, Mn2+
dramatically changes the integrin behaviour. Indeed, Bs-Dd
binding to this receptor in the presence of Ca2+ (Fig. 3c, red) is
increased 4- and 7-fold by Mn2+ (Fig. 3c, green) in CHO-2241
and HeLa cells, respectively. This indicates that this receptor is
likely under an inactive conformation hiding its ligand binding
site that is reversed by Mn2+ addition (Mould, 1996). This hy-
pothesis is in agreement with previous work reporting structural
and functional changes of several integrins (such as α5β1 or
αvβ3) mediated by different cations (Dransfield et al., 1992; Lee
et al., 1995; Mould et al., 1995; Smith et al., 1994). In summary,
it can be concluded that the Bs-Dd entry mechanism in non-
dividing cells is a two-step process where HSPGs concentrates
the particle at the cell surface, thus presumably facilitating
interaction with the entry receptor. Both differences in receptor
expression at the cell surface and ligand affinity explained the
major part taken by HSPGs in attachment. It has been assessed
that on average, 104 to 105 integrins are expressed on HeLa cells
with a 10 to 20 nM affinity for Ad2 virions (Belin andBoulanger,
1993), whereas HSPG-binding sites are in the 105 to 106 range
(Yanagishita and Hascall, 1992) and with an affinity for Bs-Dd
in the nanomolar range (Vives et al., 2004). Nevertheless, in
HSPGs-deficient cells, direct interaction with integrins is suffi-
cient to support the entire entry mechanism, though with lower
efficiency (Fig. 2b).
During mitosis, a dramatic rearrangement of the cell occurs
leading to major differences compared to cells in interphase.
First, Bs-Dd internalisation is completely abolished, despite a
very strong binding that contrasts with the punctuated signal
observed with non-mitotic cells (Fig. 4). Lack of internalisation
might be explained by the cytoskeleton remodelling taking place
during cell division (Glotzer, 2001; Maddox and Burridge,
2003). Indeed, it has been previously reported that, as for ade-
novirus virions, both actin filaments and microtubules are
required to trigger adenovirus penton base endocytosis (Ren-
tsendorj et al., 2006; Suomalainen et al., 1999; Wang et al.,
1998). Second, the binding efficiency of Bs-Dd to mitotic cells
is higher than expected (Fig. 4). This phenomenon involves
integrins, as treatment with S 36578 nearly completely abolished
the Bs-Dd binding to CHO-2241 (i.e., HSPGs-deficient) mitotic
cells (Fig. 5). At the light of the confocal microscopy study
(Fig. 4), it cannot be excluded that cell rounding during mitosis
increases the exposure of integrins that are normally located at
the basal side of the cell, in contact with the extracellular matrix.
Nevertheless, whatever the part taken by this mechanical effect,
a change in integrin status occurs during mitosis. Indeed, in an
experiment performed in suspension, chlorated HeLa cells (to
prevent HSPGs receptor functionality) exhibit a 4-fold increase
in particle binding upon nocodazole synchronisation compared
to non synchronised cells (52% and 13%, respectively, in Fig. 5).
Regarding our previous observation on integrin activation by
manganese on cells in interphase (Fig. 3b), it could be envisaged
that integrin shifts from low to high affinity during mitosis. In
this case, integrin activation by manganese observed with cell in
interphase should not be observed with mitotic cells. The exper-
iment performed with nocodazole-blocked HeLa cells clearly
showed that manganese activation still takes place, thus
162 P. Fender et al. / Virology 371 (2008) 155–164invalidating this hypothesis (Fig. 6a). Thus, the enhanced
particle binding at the surface of mitotic cells is due to integrin
overexpression, as observed for αvβ3 using the LM609 antibody
which specifically stained brightly the surface of HeLa mitotic
cell (Fig. 6b). This observation is in agreement with a previous
work reporting that integrin expression at the cell surface
changes between cells in interphase andmitotic cells (Anilkumar
et al., 1996). Indeed, this published work shows that despite an
unchanged total expression level (i.e., extracellular and intra-
cellular) of this receptor in the cell, αvβ3, which is the main
heterodimeric receptor involved in adenovirus penton base
recognition (Wickham et al., 1993), is up-regulated at the surface
of the cell duringmitosis by 2- to 3-fold. This result obtainedwith
rat fibroblast cells has been confirmed with the human epithelial
A549 cell line where a 3-fold increased expression of αv integrin
is also found upon nocodazole treatment (Seidman et al., 2001).
Our observation with HeLa cells is in the same range with a
4-fold enhancement of Bs-Dd binding to mitotic cells (Fig. 5b).
Moreover, it has also been reported in another work that re-
ceptor remodelling on mitotic cells directs a 6-fold increase in
adenovirus binding, leading to a 4-fold greater expression of
recombinant adenovirus transgene (Seidman et al., 2001).
Altogether, the results presented herein provide new clues for
the understanding of both HSPGs and integrin function upon
ligand binding and highlight a special feature of integrin during
mitosis. These basic findings could also be exploited for bio-
technological applications, as we have previously reported that
Bs-Dd can be utilised as a versatile delivery vector (Fender et al.,
1997, 2003; Fuschiotti et al., 2006a; Garcel et al., 2006). This
work is a step forward towards the development of mitotic cell
targeting vectors.
Material and methods
Cell culture
Chinese hamster ovary (CHO-2241) cell lines (GAG nega-
tive, pgsB-618, ATCC code CRL-2241) were obtained from the
European Collection of Cultured Cells. Cells were cultured at
37 °C, under 5% CO2 atmosphere, in Ham's F12 (Gibco BRL),
supplemented with 10% fetal calf serum (FCS), penicillin
(50 IU/ml) and streptomycin (50 μg/ml).
HeLa cells were cultured in EMEM medium (Gibco BRL)
supplemented with 10% FCS, penicillin (50 IU/ml) and strep-
tomycin (50 μg/ml). Chlorate treatment was performed by
adding 30 mM sodium chlorate in EMEM 2% FCS for 36 h, to
trypsinised cells (Cardin and Weintraub, 1989).
For mitotic cell synchronisation, nocodazole was added
overnight at 40 μg/ml in the cell medium. Mitotic cells were
harvested by gentle flushing.
Production and purification of Bs-Dd
Bs-Dd was expressed using the baculovirus system. Particles
were purified by sucrose density gradient, as previously de-
scribed (Fender et al., 1997) and stored in Hepes buffer pH 7,
4–150 mM NaCl.S 36578 drug
The S 36578-2 compound is the sodium salt of (5-(S)-7-{[4-
(pyridin-2-ylamino)-butyryl amino]-methyl}-6,9-dihydro-5H-
benzocyclohepten-5-yl) acetic acid and was separated on a
chiral column from the racemate compound (compound 1.2
synthesized as described in Perron-Sierra et al., 2002). This
RGD heterocyclic peptidomimetic blocks ligand binding to
purified αvβ3 and αvβ5 at nanomolar concentrations in molec-
ular and cellular assays with a good selectivity over the αIIbβ3
fibrinogen receptor and the α5β1 fibronectin receptor in cell
assays (IC50N10 μM).
Electron microscopy
The purified Ad3 virus was mixed with purified Bs-Dd in
PBS in order to obtain a particle ratio of 1 to 50. The mix was
applied to a carbon film and negatively stained with 2% ammo-
nium molybdate, pH 7.6. Micrographs were taken under low-
dose conditions using a Jeol 1200 EX II microscope operating at
100 kV and with a nominal magnification of 30,000-fold.
Flow cytometry analysis
Cells were harvested by gentle scrapping and flushing,
washed with PBS and re-suspended in cold PBS at 1×106 cells
in 300 μl. Cations (CaCl2 or MnCl2) were added at a final
concentration of 1 mM. The integrin-blocking drug S 36578 was
added at a final concentration of 3 nM and pre-incubated for
30 min on ice before Bs-Dd addition. Bs-Dd was then added at
3 nM and incubated on ice for 1 h. After cold PBS washes, cells
were incubated with the primary anti-Dd antibody (1/1000; 1 h
on ice), washed with cold PBS then incubated with FITC-
conjugated secondary antibody (1/200; 1 h on ice). After final
cold PBS washes, 10,000 cells were analysed by flow cytometry
(Becton Dickinson).
For DNA content analysis, cells were treated for 10 min at
37 °C in 500 μl of solution containing 1% Triton X-100,
1.2 mg/ml of trisodium citrate, 30 U/ml of RNAse (Roche) and
2.5 mg/ml of propidium iodide (Sigma). Reaction was stopped
by addition of 14 μl of 5 M sodium chloride and samples were
analysed by flow cytometry.
Confocal microscopy
Cells grown overnight on glass coverslips (about 105 cell/cm2)
were rinsed with PBS and incubated for 1 h at 37 °C in 50 μl
PBS–1 mM CaCl2 containing 3 nM Bs-Dd. For experiments
using the S 36578 integrin-blocking drug, S 36578 was pre-
incubated at 3 nM final concentration for 30 min prior to Bs-Dd
addition. After PBS washes, cells were permeabilised with cold
methanol for 10 min. Bs-Dd immunofluorescence detection
was performed by incubation of coverslips with an anti-Bs-Dd
rabbit polyclonal serum at 1/1000 in 50 μl PBS and a sub-
sequent incubation with FITC-labelled goat anti-rabbit anti-
body (Jackson), diluted 1/250 in the same buffer. Cell nuclei
were counterstained with propidium iodide (5 μg/ml). Laser
163P. Fender et al. / Virology 371 (2008) 155–164scanning confocal microscopy was performed on MRC600
(Bio-Rad).
For integrin detection, live HeLa cells were incubated for
30 min at 37 °C with the anti-αvβ3 antibody (LM609, Chem-
icon) at 1/1000 in PBS–1 mM CaCl2 and stained with Hoechst.
After cell washing, a Cy3-conjugated anti-mouse antibody
(Jackson Immunoresearch) was added at 1/250 for 30 min.
Cells were observed on an Olympus BX61 using Volocity
software.
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